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Metamaterials	have	been	successful	in	
terahertz	manipulation	

An array of stand-up SRRs couples to the electric and
magnetic fields of the incident THz wave. With an optimized
structural design, impedance matching can be achieved at a
designated frequency, leading to perfect absorption. This is
shown in Fig. 1(b), which presents numerical simulation
results using the frequency solver in CST Microwave Studio.
In the model, copper with a conductivity of 2! 107 S/m is
utilized as the material of the MPA and periodic boundary
conditions are applied. The results reveal near-unity absorp-
tion at 1.65 THz, corresponding to the fundamental reso-
nance mode of the 3D MPA, with a quality factor (Q) of
"38.5 at normal incidence. Q is calculated as Q¼ f0/Df,
where f0 is the fundamental resonance frequency and Df is
the full width at half maximum of the absorption. The high-
Q absorption results from material loss reduction by remov-
ing the dielectric spacer, which is a major source of uncon-
trolled material loss for tri-layer planar MPAs.12

We fabricated the 3D MPA by multilayer electroplat-
ing,24 as shown in Figs. 2(a)–2(f). At first, a 200-nm-thick
copper seed layer was deposited on a silicon substrate as the
ground plane by e-beam evaporation [Fig. 2(a)]. Then, a
2-lm-thick photoresist of S1813 (Shipley Inc.) was spin-
coated and photo-defined, followed by copper electroplating
and photoresist removal [Fig. 2(b)]. Then, we patterned a
layer of 30-lm-thick AZ9260 photoresist (MicroChemicals
GmbH) as the mold for copper pillar electroplating [Fig.
2(c)]. Following pillar formation, another seed layer was
deposited directly on top of the photoresist [Fig. 2(d)]. On the

second seed layer, the photoresist of S1813 was spin-coated
and photo-defined, followed by electroplating of the top bars
[Fig. 2(e)]. Finally, the photoresist and second seed layer
were removed to obtain the completed 3D MPA array [Fig.
2(f)]. Figures 2(g) and 2(h) show the scanning electron
microscopy (SEM) images of the fabricated 3D MPA unit
cell and array, respectively.

THz time domain spectroscopy (THz-TDS) was
employed to characterize the 3D MPA in a normal incidence
reflection configuration. We measured the reflection spec-
trum with the electric field of the THz pulse parallel with
one of the top bars of the MPA [along the x-axis in Fig. 1(a)]
to get the x-polarization response. Then, we rotated the sam-
ple by 90$ to measure the y-polarization response at normal
incidence. The experimental results for x- and y-polarized
incident THz waves are presented in Figs. 3(a) and 3(b), in
which the solid lines and dashed lines represent the experi-
mentally measured and simulation results, respectively. Most
importantly, the experimental results show a strong reso-
nance at 1.65 THz and a high absorptivity of 99.6% with a
quality factor Q of "37 for x-polarization and y-polarization.
The experimental results show excellent agreement with
simulations. The slight mismatch between experimental
results and simulation likely arises from imperfections in
the fabrication process. In the experimental results, there are
minor differences between x-polarization and y-polarization

FIG. 1. (a) 3D MPA unit cell with struc-
tural parameters: L¼ 60lm, H¼ 30lm,
c¼ 5lm, and w¼ 15.8 lm. The thick-
ness of the ground plane is 0.2 lm. The
bottom wires and top panels are with
the same thickness of 2 lm. The length
of the bottom wires is 46lm. (b)
Simulation results showing reflection
(R), transmission (T), and calculated
absorption. The absorption (A) could be
expressed as A ¼ 1% R. In simulation,
a 99.9% absorption could be achieved
at a resonance frequency of 1.65 THz.

FIG. 2. (a)–(f) Depiction of the fabrication process of the 3D MPA unit cell.
(g)–(h) Scanning electron microscopy (SEM) images of the fabricated 3D
MPA. Zoom in (false color) reveals the details of the 3D MPA unit cell.

FIG. 3. (a) and (b) The experimental and simulated results for x- and
y-polarized incident THz radiation, respectively. The solid lines represent
experimental results, and the dashed lines represent simulations.
Simulated electric (c) and magnetic (d) field magnitudes on resonance for
x-polarization incidence. (e) The simulated surface electric current at the
resonance frequency.
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A three-dimensional all-metal terahertz metamaterial perfect absorber
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We present a three-dimensional terahertz metamaterial perfect absorber (MPA) that exhibits a high
quality factor and is polarization insensitive. The unit cell is composed of two orthogonally oriented
copper stand-up split ring resonators deposited on a copper ground plane with capacitive gaps in free
space away from the substrate. Near unity (99.6%) absorption at !1.65 THz is experimentally
obtained in excellent agreement with simulation results. The quality factor is !37, which is quite
large for a terahertz MPA because of reduced material losses in the all-metal structure. According to
simulation results, the MPA is insensitive to the polarization of the incident wave, and more than
90% absorption can be achieved for angles of incidence up to 60" for both TE and TM polarized
incident THz waves. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4996897]

Electromagnetic absorber materials are useful for many
applications such as light collecting for solar cells,1,2 electro-
absorption modulators,3 detectors,4 and energy conversion
devices,5 among others. During the past several years, meta-
materials have opened up a new route to realize tailored
absorbing materials.6–8 Various metamaterial absorbers have
been theoretically and experimentally investigated from
microwave to visible light frequencies.9 This also includes the
terahertz (THz) region of the spectrum, which lies between
the microwave and infrared frequencies spanning from !0.1
to 10 THz. The useful properties of THz radiations include
transparency to numerous non-conducting materials that are
opaque at other frequencies, distinct spectroscopic signatures
of many organic materials, and their non-ionizing characteris-
tic.10,11 These features make the development of metamaterial
perfect absorbers (MPAs) at THz frequencies attractive for
applications ranging from spectroscopic identification of haz-
ardous materials to noninvasive imaging.

Many MPAs consist of three sandwiched planar compo-
nents: a layer of metamaterial resonators, a dielectric spacer
layer, and a conductive ground plane.12 The MPAs are con-
figured to minimize the reflection and transmission of the
incident wave via matching their effective impedance (Zeff)
to the free space, achieved by engineering the effective per-
mittivity (eeff) and permeability (leff) using metamaterials.13

The absorption spectrum of a tri-layer planar MPA strongly
depends on the polarization and angle of the incident wave,
which is valid not only for the polarized split ring resonators
(SRRs)6 but also for the four-fold symmetric structures.13

The origin of discrepancy between the TE and TM responses
for various incident angles has been fully investigated, and the
role of surface waves has been revealed.14 Three-dimensional
structures also provide an alternative route to achieve perfect

absorption. For example, a three-dimensional symmetric (fish-
spear-like) structure has been fabricated by using the two-
photon polymerization process and surface gold coating to
realize a perfect absorber at mid-infrared frequencies.15

Inspired by this work, we designed and fabricated a
symmetric all-metal three-dimensional (3D) MPA operating
at THz frequencies and investigated the electromagnetic
response experimentally and using numerical simulations. An
absorption of 99.6% at a fundamental resonance frequency of
1.65 THz with a high quality factor (Q# 37) is experimen-
tally measured.

In our design, we employ the split ring resonator (SRR)
as the basic element in our design. In a SRR, an oscillating
current is excited at the fundamental inductive-capacitive
(LC) resonance mode by an electric field polarized normal
to the capacitive gap.16,17 As opposed to a planar MPA
design, we utilize a unit-cell structure composed of two
identical stand-up SRRs perpendicular to one another with
the capacitive gaps suspended away from the conductive
ground plane, as illustrated in Fig. 1(a). This eliminates the
dielectric spacer layer (and the associated uncontrolled
losses), which is a crucial component in conventional planar
MPAs.18–23 From the geometry of the 3D MPA, we can see
that it consists of four copper components, from bottom
to top: ground plane, bottom wires, pillars, and top bars.
Comparing with the four-tined fish-spear-like resonator
(FFR) structure,15 we introduce top bars in the 3D MPA to
construct the unit-cells. The top bars increase the equivalent
inductance and capacitance in the resonator, making the
structure more compact than the FFR. In addition, the peri-
odicity in our design is small, which strengthens the cou-
pling between adjacent unit cells. Both increased
capacitance and coupling allow stronger field confinement
in the MPA, increasing the overall sensitivity to changes in
the local environment. Moreover, our MPA is an all-metal
structure fabricated by multi-layer electroplating processes
(as described below), which is compatible with CMOS
processing and is suitable for batch production.

a)Also at School of Mechanical Engineering, Northwestern Polytechnical
University, Xi’an, China.
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spectral measurement-based far-field subwavelength-resolved
imaging23,24. The fabrication method we used lends itself to
mass production, with a realistic prospect of finding widespread
use in THz imaging technology. Although the guiding mecha-
nism is robust to fluctuations in the wires16, preliminary attempts
at reducing wire diameters below 1mm for the combination of
materials used in this work have shown that wire continuity is
compromized by the onset of Plateau–Rayleigh instability25,
resulting in break up. Recent reports have presented continuous
in-fibre metal nanowire arrays using alternative material

combinations26 and fabrication methods27, potentially paving the
way for fibre-based hyperlenses up to infrared frequencies.

Methods
Fibre and taper fabrication. A laboratory syringe is used to draw liquid indium
into 50-cm length Zeonex tubes (outer diameter 5 mm, inner diameter 1.5 mm),
which are drawn into hundreds of metres of continuous indium-filled fibre
(500 mm diameter). This is cut into 453 pieces (40 cm length) and stacked inside a
polymethyl methacrylate tube with outer diameter 16 mm and inner diameter
12 mm. This preform is sealed at both ends and fed into a furnace (0.1–
0.5 mm min! 1, 180–185 !C) and drawn into metamaterial fibres (1.5 mm outer
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Figure 6 | Focused images using the taper. (a) Intensity along x at y¼0 of the terahertz focal point (taper input). (b) Intensity profile at 50 GHz.
The circle delimits the metamaterial region. Scale bar: 1 mm. (c) Intensity along x averaged over y¼0±250 mm of the taper output. The dashed lines
delimit the metamaterial core. (d) Taper output intensity profile at 50 GHz. The circle delimits the metamaterial core. Scale bar: 1 mm. (e) Intensity
along x at y¼0 of the terahertz pulse after a 1-mm aperture (dashed line). Above 0.3 THz the beam width is smaller than the aperture. Elsewhere, a spread
in signal is observed, as the detector is not in perfect contact with the aperture surface. (f) Intensity at 75 GHz at 1 mm aperture output. The circle
delimits the aperture. Scale bar: 0.2 mm. (g) Intensity along x averaged over y¼0±100mm of the taper output in contact with the 1 mm aperture. Dashed
lines delimit the expected reduction. (h) Intensity profile at 75 GHz. The circle delimits the metamaterial core. Scale bar: 0.2 mm.
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Figure 7 | Focusing performance of the taper. (a) Fitted wavelength-dependent FWHM (x direction) for the focal point of the THz pulse before
(blue circles) and after (red circles) the taper, and after a 1-mm aperture (blue crosses) and after the taper in contact with the aperture (red crosses).
The diffraction limit is l/2n for Zeonex29 (n¼ 1.52). (b) Taper loss as obtained from the ratio between output and input of integrated (full circles) and
peak (empty circles) intensities, for the THz focus (red) and for the 1-mm aperture (blue) compared with calculated values and material losses (see
Methods section). The red dashed curve is the peak power enhancement that one expects from the compression of the beam as predicted by the ratios of
the FWHM data in a. Error bars reflect the errors resulting from noise in the THz time-domain spectroscopy signal and are determined by the upper
and lower bounds of values obtained at each frequency when changing the onset of zero-padding of the reference THz time signal at different times above
20 ps, corresponding to the inverse of the minimum frequency measured.
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Metamaterial fibres for subdiffraction imaging
and focusing at terahertz frequencies over
optically long distances
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Using conventional materials, the resolution of focusing and imaging devices is limited by

diffraction to about half the wavelength of light, as high spatial frequencies do not propagate

in isotropic materials. Wire array metamaterials, because of their extreme anisotropy, can

beat this limit; however, focusing with these has only been demonstrated up to microwave

frequencies and using propagation over a few wavelengths only. Here we show that the

principle can be scaled to frequencies orders of magnitudes higher and to considerably

longer propagation lengths. We demonstrate imaging through straight and tapered wire

arrays operating in the terahertz spectrum, with unprecedented propagation of near field

information over hundreds of wavelengths and focusing down to 1/28 of the wavelength

with a net increase in power density. Applications could include in vivo terahertz-endoscopes

with resolution compatible with imaging individual cells.
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a critical role in restoring resonances, as illustrated in Fig. 1c and d
of the resonant surface current density.

In comparison to previously published results on metamaterial
switches18, this device has a higher modulation index of the trans-
mission amplitude. At 16 V, the amplitude of the transmitted terahertz
electric field at 0.81 THz, indicated by the dashed vertical line, has
decreased from t0V¼ 0.56 to t16V¼ 0.25, a change of 55% (intensity
change of 80%), as shown in Fig. 2a. This is an 83% performance
improvement over the earlier demonstration. The transmission ampli-
tude at 1.7 THz has decreased from t0V¼ 0.48 to t16V¼ 0.30. Between
the two resonances the reverse voltage bias significantly increases the
terahertz transmission amplitude. In short, the improved device per-
formance results from more effective depletion of charge carriers in
the split gaps under an external voltage bias.

Voltage switching of the metamaterial device yields another
important functionality—phase shifting of the terahertz radiation.

As shown in Fig. 2b, at 0.89 THz, indicated by the solid vertical line,
the phase of terahertz transmission is f16V¼ –0.51 rad under a
reverse bias voltage of 16 V as compared to f0V¼ 0.05 rad with no
voltage bias, resulting in a shift of Df¼ 0.56 rad. The phase shift
occurs over a bandwidth of !23 GHz (that is, 0.880–0.903 THz)
with a change in amplitude of less than 10% over this range. This
phase change occurs within a single metamaterial unit cell in the
propagation direction. A multi-layer phase shifter based on our
design would enable the ultimate goal of a 2p phase shifter.
Additionally, at the operational frequency of the phase shifter, the tera-
hertz transmission amplitude is near 60% without consideration of
the substrate insertion loss and is almost independent of the applied
voltage bias. This is advantageous because the terahertz phase shifter
can operate with reasonably high and constant terahertz transmission
amplitude. The substrate insertion loss could be lowered with metama-
terial impedance-matched layers26.

Various interconnect schemes would permit addressing individual
SRR elements, thus permitting application of, for example, a voltage
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Figure 2 | Electrically controllable terahertz transmission spectra.
a,b, Transmission amplitude (a) and phase spectra (b) at 0 V and reverse
bias voltages of 4 and 16 V. The solid vertical line indicates the frequencies
having a large phase shift and unchanged amplitude, and the dashed vertical
line indicates the frequencies having maximum amplitude switching and
minimum phase shifting. c, Voltage dependence of the phase shift at
0.89 THz and amplitude switching (modulation depth) at 0.81 THz.
The straight line is to guide the eye and indicates a linear dependence.
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Figure 1 | Design of the electrically driven terahertz metamaterial phase
shifter. a, Schematic of device unit cell and its cross-section, indicating the
principle of operation. b, Optical microscopy image of the active area of the
device with gold thickness 200 nm, linewidth 4 mm, split gap spacing 2 mm,
outer dimension 36 mm, and period 50mm. The polarization of the normally
incident terahertz radiation is also indicated. c,d, Numerical simulations of
surface current density excited from the inductive–capacitive (c) and
collective dipolar (d) resonances at 0.81 and 1.7 THz, respectively.
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a critical role in restoring resonances, as illustrated in Fig. 1c and d
of the resonant surface current density.

In comparison to previously published results on metamaterial
switches18, this device has a higher modulation index of the trans-
mission amplitude. At 16 V, the amplitude of the transmitted terahertz
electric field at 0.81 THz, indicated by the dashed vertical line, has
decreased from t0V¼ 0.56 to t16V¼ 0.25, a change of 55% (intensity
change of 80%), as shown in Fig. 2a. This is an 83% performance
improvement over the earlier demonstration. The transmission ampli-
tude at 1.7 THz has decreased from t0V¼ 0.48 to t16V¼ 0.30. Between
the two resonances the reverse voltage bias significantly increases the
terahertz transmission amplitude. In short, the improved device per-
formance results from more effective depletion of charge carriers in
the split gaps under an external voltage bias.

Voltage switching of the metamaterial device yields another
important functionality—phase shifting of the terahertz radiation.

As shown in Fig. 2b, at 0.89 THz, indicated by the solid vertical line,
the phase of terahertz transmission is f16V¼ –0.51 rad under a
reverse bias voltage of 16 V as compared to f0V¼ 0.05 rad with no
voltage bias, resulting in a shift of Df¼ 0.56 rad. The phase shift
occurs over a bandwidth of !23 GHz (that is, 0.880–0.903 THz)
with a change in amplitude of less than 10% over this range. This
phase change occurs within a single metamaterial unit cell in the
propagation direction. A multi-layer phase shifter based on our
design would enable the ultimate goal of a 2p phase shifter.
Additionally, at the operational frequency of the phase shifter, the tera-
hertz transmission amplitude is near 60% without consideration of
the substrate insertion loss and is almost independent of the applied
voltage bias. This is advantageous because the terahertz phase shifter
can operate with reasonably high and constant terahertz transmission
amplitude. The substrate insertion loss could be lowered with metama-
terial impedance-matched layers26.

Various interconnect schemes would permit addressing individual
SRR elements, thus permitting application of, for example, a voltage
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Figure 2 | Electrically controllable terahertz transmission spectra.
a,b, Transmission amplitude (a) and phase spectra (b) at 0 V and reverse
bias voltages of 4 and 16 V. The solid vertical line indicates the frequencies
having a large phase shift and unchanged amplitude, and the dashed vertical
line indicates the frequencies having maximum amplitude switching and
minimum phase shifting. c, Voltage dependence of the phase shift at
0.89 THz and amplitude switching (modulation depth) at 0.81 THz.
The straight line is to guide the eye and indicates a linear dependence.
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Figure 1 | Design of the electrically driven terahertz metamaterial phase
shifter. a, Schematic of device unit cell and its cross-section, indicating the
principle of operation. b, Optical microscopy image of the active area of the
device with gold thickness 200 nm, linewidth 4 mm, split gap spacing 2 mm,
outer dimension 36 mm, and period 50mm. The polarization of the normally
incident terahertz radiation is also indicated. c,d, Numerical simulations of
surface current density excited from the inductive–capacitive (c) and
collective dipolar (d) resonances at 0.81 and 1.7 THz, respectively.
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A metamaterial solid-state terahertz
phase modulator
Hou-Tong Chen1*, Willie J. Padilla2, Michael J. Cich3, Abul K. Azad1, Richard D. Averitt4

and Antoinette J. Taylor1

Over the past two decades, terahertz time-domain spec-
troscopy1 and quantum-cascade lasers2 have been two of the
most important developments in terahertz science and technol-
ogy. These technologies may contribute to a multitude of
terahertz applications that are currently under investigation
globally3. However, the devices and components necessary to
effectively manipulate terahertz radiation require substantial
development beyond what has been accomplished to date.
Here we demonstrate an electrically controlled planar hybrid
metamaterial device that linearly controls the phase of tera-
hertz radiation with constant insertion loss over a narrow
frequency band. Alternatively, our device may operate as a
broadband terahertz modulator because of the causal relation
between the amplitude modulation and phase shifting. We
perform terahertz time-domain spectroscopy, in which our
hybrid metamaterial modulator replaces a commercial mechan-
ical optical chopper, demonstrating comparable broadband
performance and superior high-speed operation.

The controllable properties of engineered metamaterials facilitate
novel opportunities for manipulating electromagnetic radiation4.
Electromagnetic phenomena achieved with metamaterials include
negative index of refraction5,6, super-resolution in optical
imaging7,8, and electromagnetic invisibility9. The resonant electro-
magnetic response originates from patterned metallic subwave-
length structures, in which the dimensions can be appropriately
scaled to operate at terahertz frequencies10,11 where natural material
response is somewhat rare. As such, metamaterials provide the basis
for the construction of novel terahertz devices. Terahertz metama-
terial devices have been demonstrated as state-of-the-art fre-
quency-agile far-infrared filters12,13, all-optical switches and
modulators14,15, and perfect absorbers16,17. Room-temperature,
voltage-controlled metamaterial devices consisting of a single unit
cell layer in the propagation direction have also been shown and
are of particular interest here18,19.

Despite the rapid progress in terahertz technology generally, a
component largely unavailable as yet is an efficient terahertz
phase shifter. Its counterparts at microwave and optical frequencies
have many important applications, including, for example, phased
array antennas and high-speed Mach–Zehnder modulators.
However these configurations are, in general, difficult to extend to
the terahertz regime. There have been a few attempts to demonstrate
terahertz phase shifters, including using semiconductor quantum-
well structures at cryogenic temperatures20,21, or liquid crystals
with very low speed22. The single-layer planar hybrid metamaterial
phase modulator presented in this paper overcomes these shortcom-
ings. Although phase shifting of terahertz radiation may be inferred

from our earlier work13,18, where frequency tuning of a metamaterial
resonance and amplitude modulation were reported, phase modu-
lation was not explicitly discussed or explored. Here we present
the first experimental demonstration of a room-temperature solid-
state phase modulator at terahertz frequencies as well as an investi-
gation of its potential applications. Our new device achieves a
voltage-controlled linear phase shift of !p/6 radians at 16 V.
Moreover, the causal relation between amplitude switching and
phase shifting enables broadband modulation.

A single unit cell of the device is illustrated schematically
in Fig. 1a. Metallic electric split-ring resonators (SRRs)23 were
patterned to form a square array and connected by metal wires.
They were fabricated on a 1-mm-thick epitaxial n-doped GaAs
layer with an electron density of 2" 1016 cm23 grown on an
intrinsic GaAs wafer. The SRRs and semiconductor form the
Schottky diode structure that can, upon application of an external
voltage, actively modify the depletion zone (see Supplementary
Information). The control of the carrier density in the depletion
zone permits tuning of the local dielectric properties near the
gaps of the SRRs. This results in changes of the transmission (ampli-
tude, phase, or both) of the metamaterial device. The micro-fabrica-
tion of the device has been described previously18,19; an optical
microscopy image is shown in Fig. 1b. For this design, the SRR
gaps are located at the four outer corners and are directly connected
to the ohmic contact through the n-GaAs epilayer. This maximizes
depletion of electrons near the metamaterial gaps upon application
of bias voltage, which is essential to control the metamaterial reson-
ances. In an earlier metamaterial switch18, the split gap was located
at the centre of an electric SRR and was surrounded by a closed
outer ring. This reduced the voltage available for effective charge
depletion within the split gap, which limited device performance.
(See Supplementary Information for further details of the device.)

Conventional terahertz time-domain spectroscopy24 (see
Supplementary Information) was used to characterize the device.
Resonances at 0.81 and 1.7 THz (driven by the electrical component
of the terahertz radiation as indicated in Fig. 1b) are obtained as
shown in Fig. 2a and b. The resonance at 0.81 THz arises from
the individual SRRs and is due to the inductive–capacitive coupling
of the circulating currents (Fig. 1c), while the resonance at 1.7 THz
originates from a collective dipolar resonance (Fig. 1d), where the
resonance frequency also depends on the SRR periodicity25. At
zero voltage bias the resonances are weak because carriers in the
substrate shunt the metamaterial capacitive gaps, thereby damping
the response. Under reverse bias voltage an increase in depletion
occurs, reducing the damping and causing an increase in oscillator
strength for both resonances. The depletion near the split gaps plays
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Three-dimensional optical metamaterial with a
negative refractive index
Jason Valentine1*, Shuang Zhang1*, Thomas Zentgraf1*, Erick Ulin-Avila1, Dentcho A. Genov1, Guy Bartal1

& Xiang Zhang1,2

Metamaterials are artificially engineered structures that have prop-
erties, such as a negative refractive index1–4, not attainable with
naturally occurring materials. Negative-index metamaterials
(NIMs) were first demonstrated for microwave frequencies5,6, but
it has been challenging to design NIMs for optical frequencies and
they have so far been limited to optically thin samples because of
significant fabrication challenges and strong energy dissipation in
metals7,8. Such thin structures are analogous to a monolayer of
atoms, making it difficult to assign bulk properties such as the index
of refraction. Negative refraction of surface plasmons was recently
demonstrated but was confined to a two-dimensional waveguide9.
Three-dimensional (3D) optical metamaterials have come into focus
recently, including the realization of negative refraction by using
layered semiconductor metamaterials and a 3D magnetic metama-
terial in the infrared frequencies; however, neither of these had a
negative index of refraction10,11. Here we report a 3D optical meta-
material having negative refractive index with a very high figure of
merit of 3.5 (that is, low loss). This metamaterial is made of cascaded
‘fishnet’ structures, with a negative index existing over a broad spec-
tral range. Moreover, it can readily be probed from free space, mak-
ing it functional for optical devices. We construct a prism made of
this optical NIM to demonstrate negative refractive index at optical
frequencies, resulting unambiguously from the negative phase
evolution of the wave propagating inside the metamaterial. Bulk
optical metamaterials open up prospects for studies of 3D optical
effects and applications associated with NIMs and zero-index mate-
rials such as reversed Doppler effect, superlenses, optical tunnelling
devices12,13, compact resonators and highly directional sources14.

NIMs, first described by Veselago more than 40 years ago1 and
recently discussed in the framework of metamaterials2, arise from the
fact that both the permittivity and the permeability of the materials
are simultaneously negative. In the past several years, much effort has
been dedicated to the engineering and extension of the functionalities
of metamaterials at terahertz15–17 and optical frequencies7,8,10,18–21.
Metal–dielectric–metal fishnet structures were among the earliest
demonstrations of optical NIMs. These structures, however, consist
of a single functional layer along the direction of propagation. This is
equivalent to an atomic monolayer, making it difficult to explore
phenomena in three dimensions and develop device applications.
Moreover, as a result of their resonant nature, these systems suffer
substantial loss at optical frequencies. On the basis of the above, it is
therefore imperative to realize low-loss bulk optical NIMs if we are to
demonstrate unambiguously the unique effects associated with nega-
tive index of refraction.

Recently, it has been suggested theoretically that stacking up mul-
tiple fishnet functional layers along the propagation direction

constitutes a promising approach for achieving a 3D optical NIM22

(Fig. 1a). This cascading leads to a strong magneto-inductive coup-
ling between neighbouring functional layers23. As demonstrated
recently24, the tight coupling between adjacent LC resonators
through mutual inductance results in a broadband negative index
of refraction with low loss, which is similar to the material response of
left-handed transmission lines25,26. In addition, the loss is further
reduced owing to the destructive interference of the antisymmetric
currents across the metal film, effectively cancelling out the current
flow in the centre of the film23.

Here we experimentally demonstrate the first 3D optical NIM by
directly measuring the angle of refraction from a prism made of
cascaded fishnet metamaterial. The experimental results, along with
numerical calculations, serve as direct evidence of zero and negative
phase index in the metamaterial.

The 3D fishnet metamaterial is fabricated on a multilayer metal-
dielectric stack by using focused ion-beam milling (FIB), which is
capable of cutting nanometre-sized features with a high aspect ratio.
Figure 1b shows the scanning electron microscopy (SEM) image of
the proposed 3D fishnet pattern, which was milled on 21 alternating
films of silver and magnesium fluoride, resulting in ten functional
layers.

To measure the index of refraction of the 3D metamaterial experi-
mentally, a prism was created in the multilayer stack (Fig. 2a, b).
Measurements of the refractive index of these structures were per-
formed by observing the refraction angle of light passing through the
prism by Snell’s law. This provides a direct and unambiguous

1NSF Nano-scale Science and Engineering Center (NSEC), 3112 Etcheverry Hall, University of California, Berkeley, California 94720, USA. 2Material Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720, USA.
*These authors contributed equally to this work.
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Figure 1 | Diagram and SEM image of fabricated fishnet structure.
a, Diagram of the 21-layer fishnet structure with a unit cell of p 5 860 nm,
a 5 565 nm and b 5 265 nm. b, SEM image of the 21-layer fishnet structure
with the side etched, showing the cross-section. The structure consists of
alternating layers of 30 nm silver (Ag) and 50 nm magnesium fluoride
(MgF2), and the dimensions of the structure correspond to the diagram in
a. The inset shows a cross-section of the pattern taken at a 45u angle. The
sidewall angle is 4.3u and was found to have a minor effect on the
transmittance curve according to simulation.
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determination of the refractive index, because the refraction angle
depends solely on the phase gradient that the light beam experiences
when refracted from the angled output face. We used a femtosecond
synchronously pumped optical parametric oscillator as a tunable

light source to determine the refractive index at different wave-
lengths. The beam was focused on the sample, and a charge-coupled
device (CCD) camera was placed in the Fourier plane (Fig. 2c).

Figure 3a shows the beam shift d resulting from the bending of
light at the prism output at different wavelengths, ranging from 1,200
to 1,700 nm. The measurement was performed on a prism of angle
b 5 5.0u and the beam shift is plotted along with reference measure-
ments of transmission through a window, without the presence of the
prism (left panel). Clearly, as the wavelength increases, the beam shift
resulting from the prism refraction is changing from positive to
negative, indicating a transition from a positive index in the shorter
wavelengths to a negative index in the longer wavelengths. At a wave-
length l of 1,475 nm, the index of refraction is approaching zero; that
is, the beam does not acquire any phase while propagating in the
metamaterial. Consequently there is no phase gradient at the angled
output face and the exiting beam is exactly normal to the output face
(see dashed lines in Figs 2b and 3a).

Figure 3b depicts the measured refractive index of the 3D fishnet
metamaterial at various wavelengths. The refractive index varies
from n 5 0.63 6 0.05 at 1,200 nm to n 5 21.23 6 0.34 at 1,775 nm.
The refractive index was determined from multiple measurements of
two fishnet prisms with angles of b 5 5.0u and 4.7u and for wave-
lengths ranging from 1,200 to 1,800 nm. Although there is a correla-
tion between the beam spot positions shown in Fig. 3a and the
refractive index in Fig. 3b, it should be noted that Fig. 3b shows
the average of measurements on different prisms with the standard
deviation as error bars, whereas Fig. 3a shows an individual measure-
ment. The experimental results are found to be in good agreement
with the theoretical predictions (black line in Fig. 3b) on the basis of
rigorous coupled-wave analysis (RCWA). The measured negative
refraction angle is a direct result of negative phase evolution for light
propagating inside the sample caused by a negative refractive index.
This is illustrated in Fig. 3c by a numerical calculation of the in-plane
electromagnetic field distribution in the fishnet prism at
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Figure 2 | SEM image of NIM prism and schematics of experimental setup.
a, SEM image of the fabricated 3D fishnet NIM prism. The unit cell size is
identical to that shown in Fig. 1a. The inset shows a magnified view with the
film layers visible in each hole. b, Geometry diagram of the angle
measurement; d corresponds to the position difference of the beam passing
through a window in the multilayer structure (n 5 1) and prism sample. By
measuring d, the absolute angle of refraction a can be obtained.
c, Experimental setup for the beam refraction measurement. The focal
length of lens 1 is 50 mm and that of lens 2 is f2 5 40 mm. Lens 2 is placed in a
2f configuration, resulting in the Fourier image at the camera position.
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Figure 3 | Experimental results and finite-difference time-domain
simulations. a, Fourier-plane images of the beam for the window and prism
sample for various wavelengths. The horizontal axis corresponds to the
beam shift d, and positions of n 5 1 and n 5 0 are denoted by the white lines.
The image intensity for each wavelength has been normalized for clarity.
b, Measurements and simulation of the fishnet refractive index. The circles
show the results of the experimental measurement with error bars (s.d.,

n 5 4 measurements). The measurement agrees closely with the simulated
refractive index using the RCWA method (black line). c, Left: simulation of
the in-plane electric field component for the prism structure at 1,763 nm,
showing the phase front of the light. Negative-phase propagation resulting
from the negative refractive index leads to negative refraction angle as
measured by the beam shift in the experiment. Right: magnified plot of the
field distribution in the prism.
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depends solely on the phase gradient that the light beam experiences
when refracted from the angled output face. We used a femtosecond
synchronously pumped optical parametric oscillator as a tunable

light source to determine the refractive index at different wave-
lengths. The beam was focused on the sample, and a charge-coupled
device (CCD) camera was placed in the Fourier plane (Fig. 2c).

Figure 3a shows the beam shift d resulting from the bending of
light at the prism output at different wavelengths, ranging from 1,200
to 1,700 nm. The measurement was performed on a prism of angle
b 5 5.0u and the beam shift is plotted along with reference measure-
ments of transmission through a window, without the presence of the
prism (left panel). Clearly, as the wavelength increases, the beam shift
resulting from the prism refraction is changing from positive to
negative, indicating a transition from a positive index in the shorter
wavelengths to a negative index in the longer wavelengths. At a wave-
length l of 1,475 nm, the index of refraction is approaching zero; that
is, the beam does not acquire any phase while propagating in the
metamaterial. Consequently there is no phase gradient at the angled
output face and the exiting beam is exactly normal to the output face
(see dashed lines in Figs 2b and 3a).

Figure 3b depicts the measured refractive index of the 3D fishnet
metamaterial at various wavelengths. The refractive index varies
from n 5 0.63 6 0.05 at 1,200 nm to n 5 21.23 6 0.34 at 1,775 nm.
The refractive index was determined from multiple measurements of
two fishnet prisms with angles of b 5 5.0u and 4.7u and for wave-
lengths ranging from 1,200 to 1,800 nm. Although there is a correla-
tion between the beam spot positions shown in Fig. 3a and the
refractive index in Fig. 3b, it should be noted that Fig. 3b shows
the average of measurements on different prisms with the standard
deviation as error bars, whereas Fig. 3a shows an individual measure-
ment. The experimental results are found to be in good agreement
with the theoretical predictions (black line in Fig. 3b) on the basis of
rigorous coupled-wave analysis (RCWA). The measured negative
refraction angle is a direct result of negative phase evolution for light
propagating inside the sample caused by a negative refractive index.
This is illustrated in Fig. 3c by a numerical calculation of the in-plane
electromagnetic field distribution in the fishnet prism at
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Figure 2 | SEM image of NIM prism and schematics of experimental setup.
a, SEM image of the fabricated 3D fishnet NIM prism. The unit cell size is
identical to that shown in Fig. 1a. The inset shows a magnified view with the
film layers visible in each hole. b, Geometry diagram of the angle
measurement; d corresponds to the position difference of the beam passing
through a window in the multilayer structure (n 5 1) and prism sample. By
measuring d, the absolute angle of refraction a can be obtained.
c, Experimental setup for the beam refraction measurement. The focal
length of lens 1 is 50 mm and that of lens 2 is f2 5 40 mm. Lens 2 is placed in a
2f configuration, resulting in the Fourier image at the camera position.
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Figure 3 | Experimental results and finite-difference time-domain
simulations. a, Fourier-plane images of the beam for the window and prism
sample for various wavelengths. The horizontal axis corresponds to the
beam shift d, and positions of n 5 1 and n 5 0 are denoted by the white lines.
The image intensity for each wavelength has been normalized for clarity.
b, Measurements and simulation of the fishnet refractive index. The circles
show the results of the experimental measurement with error bars (s.d.,

n 5 4 measurements). The measurement agrees closely with the simulated
refractive index using the RCWA method (black line). c, Left: simulation of
the in-plane electric field component for the prism structure at 1,763 nm,
showing the phase front of the light. Negative-phase propagation resulting
from the negative refractive index leads to negative refraction angle as
measured by the beam shift in the experiment. Right: magnified plot of the
field distribution in the prism.
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Metamaterials	to	metasurfaces

• Volumetric	losses	and	complex	fabrication	make	
metamaterial	applications	challenging

• Metasurfaces	have	greater	compatibility	with	conventional	
processing	and	lower	loss	due	to	their	dimensionality

• Integrating	reconfigurable	materials	into	metasurfaces	
adds	another	degree	of	flexibility

• May	allow	for	active	tuning	of	the	metasurface’s	response

Graphene-based	THz	metasurfaces



Why	graphene?
• Easy	growth	and	
patterning	on	THz-
transparent	substrates
• Graphene	plasmon	
resonance	can	be	tuned	
through	in-plane	
periodicity
• The	optical	response	of	
graphene	is	strongly	
influenced	by	magnetic	
fields

homogeneous graphene sheet, and the spectral shape is well described
by the Drude model as Im(21/(vþ iGD)) (black dashed line in
Fig. 1e) with a scattering rate GD of 4 THz. This Drude absorption
decreases monotonically with frequency v. For incident light
polarized perpendicular to the ribbon, the resulting spectrum is
completely different: an absorption peak originating from plasmon
oscillation dominates the optical response (Fig. 1f). This plasmon
absorption lineshape can be described by a damped oscillator as
Im(2v /(v2 2 vp

2þ ivGp)) (blue dashed line) with a plasmon reson-
ancevp of 3 THz and a spectral widthGp of 4 THz. There is also a small
background contribution from the free carrier absorption (magenta
dashed line) because part of the infrared beam transmits through
unpatterned graphene around the micro-ribbon array. The light–
plasmon coupling in graphene is remarkably strong, with over 13%
absorption at the plasmon resonance for one doped carbon monolayer.
The observed plasmon resonance linewidth is similar to the Drude
scattering rate for parallel light polarization, suggesting that plasmon
broadening is largely limited by the same scattering processes affecting
electrical transport.

The light–plasmon coupling in graphene is remarkably strong
compared with that in conventional 2DEGs in semiconductors, and
arises from both the small effective electron mass and the efficient
electrical gating in graphene. In conventional 2DEGs, the field-
induced carrier concentration is limited to !1 × 1012 cm22 to avoid
semiconductor dielectric breakdown. At this carrier density, the
effective mass of an electron at Fermi energy is 0.02 m0 in graphene.
This electron effective mass is 3.5 (13) times smaller than that in
GaAs (Si), and the integrated plasmon oscillator strength is corre-
spondingly larger. In addition, graphene can be gated much more
efficiently to over 1 × 1013 cm22 because of its excellent chemical
stability and compatibility with different gating configurations.

The resulting light–plasmon coupling in graphene can be an order
of magnitude stronger than that achieved in conventional 2DEGs,
and enabled us to observe terahertz plasmon resonance for the first
time at room temperature.

The plasmon resonance in graphene micro-ribbon arrays can
be tuned in situ by electrostatic doping. For simplicity, we will
focus on the hole-doping regime. We determine the gate-induced
Fermi energy shift and carrier concentration in graphene through
interband optical transitions21,22. This is based on the effect that
interband transitions can be blocked up to 2|EF| energy in hole-
doped graphene as a result of empty initial states. Figure 2a shows
gate-induced changes of interband transmission spectra in the
3,000–9,000 cm21 spectral range at different gate biases. Increased
infrared transmission is observed up to a threshold energy that
shifts to higher values with increased doping. This threshold
energy is at 2|EF| (refs 21,22), from which carrier concentration
can be deduced by n¼ (|EF|/hvF)2/p (refs 15,16). Plasmon exci-
tations in the graphene micro-ribbon array can be varied by
electrical gating, as shown in Fig. 2b for absorption of perpendicu-
larly polarized light. Prominent plasmon absorption peaks are
observed, which shift to higher energies and gain oscillator strength
with increased carrier concentration. For comparison, we show
(in the inset of Fig. 2b) free carrier absorption spectra at different
gate voltages (probed with light polarized parallel to micro-
ribbons). The spectral shape remains the same in all spectra,
although the oscillator strength increases with carrier concentration.

Plasmon excitations in graphene micro-ribbon arrays can also be
controlled by engineering the ribbon width. Figure 2c shows AFM
images of three micro-ribbon arrays with 1, 2 and 4 mm ribbon
widths, respectively, and Fig. 2d shows 2DT/TCNP spectra for the
three structures. All spectra were taken at the same hole-doping
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Figure 1 | Plasmon resonance in gated graphene micro-ribbon arrays. a, Top-view illustration of a typical graphene micro-ribbon array. The array was
fabricated on transferred large-area CVD graphene using optical lithography and plasma etching. b, Side view of a typical device incorporating the graphene
micro-ribbon array on a Si/SiO2 substrate. The carrier concentration in graphene is controlled using the ion-gel top gate. c, AFM image of a graphene
micro-ribbon array sample with a ribbon width of 4 mm and a ribbon and gap width ratio of 1:1. d, Gate-dependent electrical resistance of this graphene
micro-ribbon array. The resistance has a maximum at charge neutral point VCNP¼0.2 V. e,f, Gate-induced change of transmission spectra, 2(T 2 TCNP)/TCNP

(red solid line), with incident light polarized parallel (e) and perpendicular (f) to the ribbon length, respectively. The gate voltage was set at Vg¼22 V. For
parallel polarization in e, the response originates from free carrier oscillation and can be well reproduced by a Drude fit (black dashed line). For perpendicular
polarization in f, the spectrum shows a prominent absorption peak at 3 THz (1 THz¼ 33.3 cm21) because of plasmon excitation. Plasmon resonance is
characterized by a Lorentzian lineshape (blue dashed line). A small free carrier contribution described by Drude absorption (magenta dashed line) is also
present as a result of graphene absorption outside the fabricated micro-ribbon array area. The plasmon absorption of over 13% is remarkably strong, and its
integrated oscillator strength is more than an order of magnitude larger than that achieved in 2DEGs in conventional semiconductors.
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homogeneous graphene sheet, and the spectral shape is well described
by the Drude model as Im(21/(vþ iGD)) (black dashed line in
Fig. 1e) with a scattering rate GD of 4 THz. This Drude absorption
decreases monotonically with frequency v. For incident light
polarized perpendicular to the ribbon, the resulting spectrum is
completely different: an absorption peak originating from plasmon
oscillation dominates the optical response (Fig. 1f). This plasmon
absorption lineshape can be described by a damped oscillator as
Im(2v /(v2 2 vp

2þ ivGp)) (blue dashed line) with a plasmon reson-
ancevp of 3 THz and a spectral widthGp of 4 THz. There is also a small
background contribution from the free carrier absorption (magenta
dashed line) because part of the infrared beam transmits through
unpatterned graphene around the micro-ribbon array. The light–
plasmon coupling in graphene is remarkably strong, with over 13%
absorption at the plasmon resonance for one doped carbon monolayer.
The observed plasmon resonance linewidth is similar to the Drude
scattering rate for parallel light polarization, suggesting that plasmon
broadening is largely limited by the same scattering processes affecting
electrical transport.

The light–plasmon coupling in graphene is remarkably strong
compared with that in conventional 2DEGs in semiconductors, and
arises from both the small effective electron mass and the efficient
electrical gating in graphene. In conventional 2DEGs, the field-
induced carrier concentration is limited to !1 × 1012 cm22 to avoid
semiconductor dielectric breakdown. At this carrier density, the
effective mass of an electron at Fermi energy is 0.02 m0 in graphene.
This electron effective mass is 3.5 (13) times smaller than that in
GaAs (Si), and the integrated plasmon oscillator strength is corre-
spondingly larger. In addition, graphene can be gated much more
efficiently to over 1 × 1013 cm22 because of its excellent chemical
stability and compatibility with different gating configurations.

The resulting light–plasmon coupling in graphene can be an order
of magnitude stronger than that achieved in conventional 2DEGs,
and enabled us to observe terahertz plasmon resonance for the first
time at room temperature.

The plasmon resonance in graphene micro-ribbon arrays can
be tuned in situ by electrostatic doping. For simplicity, we will
focus on the hole-doping regime. We determine the gate-induced
Fermi energy shift and carrier concentration in graphene through
interband optical transitions21,22. This is based on the effect that
interband transitions can be blocked up to 2|EF| energy in hole-
doped graphene as a result of empty initial states. Figure 2a shows
gate-induced changes of interband transmission spectra in the
3,000–9,000 cm21 spectral range at different gate biases. Increased
infrared transmission is observed up to a threshold energy that
shifts to higher values with increased doping. This threshold
energy is at 2|EF| (refs 21,22), from which carrier concentration
can be deduced by n¼ (|EF|/hvF)2/p (refs 15,16). Plasmon exci-
tations in the graphene micro-ribbon array can be varied by
electrical gating, as shown in Fig. 2b for absorption of perpendicu-
larly polarized light. Prominent plasmon absorption peaks are
observed, which shift to higher energies and gain oscillator strength
with increased carrier concentration. For comparison, we show
(in the inset of Fig. 2b) free carrier absorption spectra at different
gate voltages (probed with light polarized parallel to micro-
ribbons). The spectral shape remains the same in all spectra,
although the oscillator strength increases with carrier concentration.

Plasmon excitations in graphene micro-ribbon arrays can also be
controlled by engineering the ribbon width. Figure 2c shows AFM
images of three micro-ribbon arrays with 1, 2 and 4 mm ribbon
widths, respectively, and Fig. 2d shows 2DT/TCNP spectra for the
three structures. All spectra were taken at the same hole-doping
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Figure 1 | Plasmon resonance in gated graphene micro-ribbon arrays. a, Top-view illustration of a typical graphene micro-ribbon array. The array was
fabricated on transferred large-area CVD graphene using optical lithography and plasma etching. b, Side view of a typical device incorporating the graphene
micro-ribbon array on a Si/SiO2 substrate. The carrier concentration in graphene is controlled using the ion-gel top gate. c, AFM image of a graphene
micro-ribbon array sample with a ribbon width of 4 mm and a ribbon and gap width ratio of 1:1. d, Gate-dependent electrical resistance of this graphene
micro-ribbon array. The resistance has a maximum at charge neutral point VCNP¼0.2 V. e,f, Gate-induced change of transmission spectra, 2(T 2 TCNP)/TCNP

(red solid line), with incident light polarized parallel (e) and perpendicular (f) to the ribbon length, respectively. The gate voltage was set at Vg¼22 V. For
parallel polarization in e, the response originates from free carrier oscillation and can be well reproduced by a Drude fit (black dashed line). For perpendicular
polarization in f, the spectrum shows a prominent absorption peak at 3 THz (1 THz¼ 33.3 cm21) because of plasmon excitation. Plasmon resonance is
characterized by a Lorentzian lineshape (blue dashed line). A small free carrier contribution described by Drude absorption (magenta dashed line) is also
present as a result of graphene absorption outside the fabricated micro-ribbon array area. The plasmon absorption of over 13% is remarkably strong, and its
integrated oscillator strength is more than an order of magnitude larger than that achieved in 2DEGs in conventional semiconductors.
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was one graphene layer and that the backside of the SiC
substrate was graphene free. After hydrogenation, graphene
becomes strongly p-doped; the Fermi level, εF = −0.34 eV, is
below the Dirac point, which corresponds to a hole
concentration n = εF

2/(πℏvF
2) ≈ 8 × 1012 cm−2,25 where vF ≈

106 m/s is the Fermi velocity. All magneto-optical measure-
ments were done in the Faraday geometry (magnetic field and
propagation of light normal to the sample) using a Fourier
transform infrared spectrometer connected to a split-coil
superconducting magnet.25 The illuminated area of several
square millimeters was fully covered by graphene.
Figures 1a,b shows the optical transmission and Faraday

rotation spectra measured at 5 K in fields B up to 7 T. The

diagonal conductivity σxx(ω), normalized to the universal
conductivity σ0 = e2/4ℏ,28 shown in Figure 1c is obtained from
the optical transmission, as described in the Supporting
Information. At zero magnetic field, we observe a strong
maximum centered around 6.5 meV (1.6 THz) instead of the
normally expected Drude peak at zero frequency due to free
carriers. As we demonstrate below, the deviation from the
Drude behavior is associated with the presence of a
confinement potential acting on free carriers and the
corresponding plasmonic absorption. A similar resonance was
observed recently in graphene microribbons in the polarization
perpendicular to the ribbons.10

When a magnetic field is applied, the plasma resonance splits
into two modes, one of which increases and the other decreases
with B (Figure 1c). In order to get further insight into the
origin of these modes we extracted the Hall conductivity σxy(ω)
from the Faraday rotation spectra (Figure 1d) and obtained the
optical conductivity for left and right circularly polarized
radiation, σ±(ω) = σxx ± iσxy (Figure 1e,f), as described in the
Supporting Information. One can clearly see that each of the
modes is excited only in one circular polarization. The peak
positions in σ−(ω) and σ+(ω) we denote ω+ and ω−
respectively, since the former increases and the latter decreases
with magnetic field. The inset of Figure 1f shows the field
dependence of ω+ and ω−. The field-induced splitting of the
plasmon peak resembles strikingly the appearance of collective
resonances observed previously in disk-shaped quantum dots of
two-dimensional electron gases based on GaAs heterostruc-
tures17,19 and in bound 2D electrons on the surface of liquid
helium.29,30 In both cases, the upper and lower branches were
attributed to the so-called bulk and edge magnetoplasmons,
respectively, with the frequencies17

ω ω ω ω= + ± | |
± 4 2

c
2

0
2 c

(1)

where ω0 is the plasmon frequency at zero field, ωc = ±eB/mc is
the cyclotron frequency, defined as positive for electrons and
negative for holes, m is the cyclotron mass, and c the speed of
light. At high fields (|ωc| ≫ ω0), the upper branch becomes
essentially the usual cyclotron resonance with a linear
dependence on magnetic field, while the lower branch
represents a collective mode confined to the edges31 with the
energy inversely proportional to the field.
In order to clarify the origin of the confinement that causes

the plasmonic resonance, we performed vibrating cantilever
AFM imaging, allowing us to extract topographic and phase
information. In Figure 2a, a topographical height image of a 10
× 10 μm2 area of the sample is presented. The dominating
structures are the terraces due to the miscut angle of SiC. Their
irregular shape as compared to morphologies observed earlier23

is related to the specific graphitization temperature used in our
work. Importantly, the terraces are oriented in the same
direction across the entire sample. Figure 2b presents the map
of the oscillation phase of the cantilever on the same area. The
dark spots in the phase correspond to regions without
graphene, as was determined by Raman spectroscopy. Closer
inspection of the AFM images also reveals numerous wrinkles
such as the ones indicated by the arrows in Figure 2c,d. The
wrinkles are formed due to the relaxation of strain in graphene
during the cooling down after the graphitization.20 Figure 2e
shows height profiles for the lines marked in Figure 2a. Profiles
1 to 3 correspond to steps in the SiC substrate, while traces 4 to

Figure 1. (a) Terahertz transmission spectra of graphene on SiC
normalized to the bare substrate and (b) the Faraday rotation spectra.
The inset of (b) shows the polarization state of light before and after
passing the sample in the Faraday rotation experiment. The diagonal
(c) and Hall (d) conductivities normalized to σ0 = e2/4ℏ. The optical
conductivity for left (e) and right (f) circularly polarized light. The
magnetic field dependence of the peak positions ω+ and ω− are shown
in the inset of (f). The spectra in panels c, d, e, and f are offset for
clarity. The zero lines in (c) and (d) are indicated by lines of the same
color.
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7 are taken across the wrinkles on the terraces and show that
these wrinkles have a height of less than 1 nm, which is in
agreement with previous work.20 The regions of homogeneous
graphene have a typical size of about one micrometer
throughout the whole sample.
Polarized optical transmission (Figure 2f) provides a hint

that the terahertz resonance peak is related to the
morphological structures seen by AFM. A significant anisotropy
is found, which correlates with the orientation of the terraces.
In particular, the absorption maximum is at about 1.7 times
higher energy for the electric field perpendicular to the terraces
than for the parallel orientation. Note that the peak position
remains at finite energy for every polarization. The excitation of
the plasmon parallel to the terraces is likely due to the rough
shape of the SiC step edges. One cannot exclude that the
wrinkles, which are randomly oriented, might also play a role in
confining the carriers. Because of the anisotropy, the curves and
the plasmon energy in Figure 1 are effective averages over all
polarizations.
It is worthwhile to notice that the terahertz transmission of

multilayer graphene epitaxially grown on the carbon side of SiC
also reveals an absorption peak, although at a somewhat lower
energy, with a strong polarization dependence as shown in the
Supporting Information. Although it might have a similar
plasmon origin as in the case of monolayer graphene on the
silicon face of SiC, the presence of many layers with different
doping levels makes this interpretation less straightforward.
We found that it is possible to describe quantitatively the

plasmon structure and its splitting in magnetic field by a Drude-
Lorentz formula for the optical conductivity17,32

σ ω π ω ω γ
=

∓ + − ω
ω

±
D i

i
( ) 2

c
0
2

(2)

where D is the plasmon spectral weight and γ is the scattering
rate. In the present case, this equation should be regarded as

purely phenomenological, although it can be rigorously derived
for certain types of inhomogeneous media, such as disk-shaped
quantum dots, using the effective medium Maxwell-Garnett
approach (the relevant details are given in the Supporting
Information). Equation 2 is the simplest analytical expression
which reduces to a Lorentzian shape in the limit of zero field
(ωc = 0) and describes the usual Drude cyclotron resonance
when the plasmon energy is vanishing (ω0 = 0). For small
values of γ, it indeed has resonances ω± at frequencies given by
eq 1. We fitted the experimental spectra of both σxx = (σ+ +
σ−)/2 and σxy = (σ+ − σ−)/2i at every magnetic field to eq 2,
treating ω0, ωc, γ, and D as adjustable parameters. We also
added a small frequency independent background term σb≈ 3.5
σ0 to the real part of the diagonal optical conductivity, which
may have various origins, as discussed in the Supporting
Information. The fits are shown as dashed lines in Figure 1c,d.
The experimental data including all important spectral features
are well reproduced, which, given the complexity of the sample,
comes as an encouraging surprise to be explained in future
studies. However, the noticeable deviations, especially in
σxy(ω), demonstrate the limitations of this simple model with
respect to our sample.
Figure 3 shows the field dependence of ω0 and ωc extracted

from the fitting procedure. The bare plasmon frequency is
essentially constant, while the cyclotron frequency demon-
strates a nearly perfectly linear growth with a slope ℏ|ωc|B = 2.1
meV/T corresponding to a cyclotron mass of 5.5% of the free
electron mass me. Note that in our previous work25 an apparent
deviation from the linear dependence was reported because the
plasmonic contribution was not taken into account. In Figure 3,
we also plot the magnetoplasmon frequencies ω± calculated
using eq 1 and the experimental values of ωc and ω0. They are
very close to the peak positions in σ± (Figure 1e,f). The
spectral weight of the plasmon peak shows only a small, if any,
magnetic field dependence. The value of ℏD/σ0 extracted from
the fitting is about 0.52 eV. Taken alone, it is somewhat smaller

Figure 2. Topographic height (a) and phase (b) of a 10 × 10 μm2 region of epitaxial graphene on SiC used for optical experiments. (c,d) Close-ups
of the regions in (a) and (b) marked by dashed rectangles. Arrows point to graphene wrinkles. Height profiles (e) along selected lines marked in (a),
corresponding to terraces (1−3) and wrinkles (4−7). Terahertz transmission (f) for different polarizations with respect to the zero direction
indicated by the white arrow in (a).
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Graphene-based	THz	metasurface

• Graphene	is	epitaxially	grown	on	4H-SiC	substrate
• Patterned	into	ribbons	using	e-beam	lithography
• Several	samples	with	different	L,	all	with	50%	filling	ratio



THz	magneto-optical	spectroscopy

• THz	time-domain	spectroscopy	
in	8	T	superconducting	magnet
• Temperature	tuning	to	1.3	K
• Wire	grid	polarizer	(WGP)	to	
characterize	the	THz	polarization	
rotation
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Figure 1. (a) Schematic of the graphene metasurface, THz
pulse, and DC magnetic field orientation. (b) Schematic of
the THz-TDS experiment, where BS is a beamsplitter, C is a
mechanical chopper, E is a photoconductive emitter, D is a
photoconductive detector, and the OAPs are parabolic mir-
rors.

polarized perpendicular and parallel to the long-axis of
the ribbons. In all the experimental results described
below, the samples were held at fixed temperatures and
subjected to external DC magnetic fields oriented normal
to the sample surface using a superconducting magnetic
cryostat equipped with a variable temperature insert.

C. Experimental Results

Figure 2 shows the transmission spectrum of a micro-
ribbon array with width L = 16 mm under various ex-
ternal magnetic fields, normalized to the transmission
of the bare 4H-SiC substrate. The colored dots corre-
spond to the case of a THz electric field oriented along
the short-axis of the ribbons (� = 90°). As the external
magnetic field B

DC

is increased, the peak in the trans-
mission window at ⇠ 1 THz blue shifts. The inset of Fig-
ure 1 shows that at B = 0 T, this resonance peak pos-
sesses a 1/

p
L dependence, as indicated by the dashed

fit curve. This is the expected behavior for plasmons
not only in periodically patterned graphene monolay-
ers, but also other two-dimensional electron gas (2DEG)
systems18. For THz pulses with electric fields oriented
parallel to the long axis of the ribbons (� = 0°, black
dots in Figure 1), the transmission spectrum is virtu-
ally identical in form to a graphene monolayer, which
can be regarded as the L ! 1 limit. The polarization
sensitivity of the THz response is indicative of the pro-
nounced birefringence introduced by the uni-directional
periodicity (along the x-axis) of the micro-ribbon array.

Figure 2. The substrate normalized transmission spectrum of
a normally incident THz pulse on a micro-ribbon array with
L = 16 mm for different external magnetic fields. Colored
dots denote THz electric fields oriented along the short-axis
of the ribbons. The black dots in the main figure correspond
to a 16 mm ribbon array with the THz pulse’s electric field
oriented parallel to the long-axis of the ribbons. The black
arrow marks the shoulder which emerges at higher fields. The
solid black lines are calculated using Eq. (12). The inset
shows the peak position of the resonance as a function of
ribbon width at 0 T, where the dots are the experimental
data and the dashed line is a 1/

p
L fit.

Figure 3. (a) The Faraday rotation spectrum of a normally
incident THz pulse on a micro-ribbon array with w = 16 mm
for several external magnetic fields, where the black lines are
calculated from Eq. (13), (b) the FWHM of the rotation
spectrum as a function of the magnetic field, where the dashed
line is a quadratic fit of the experimental data represented
by the black dots, and (c) the Faraday rotation at 2.5 T for
various ribbon widths.
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Figure 2. The substrate normalized transmission spectrum of
a normally incident THz pulse on a micro-ribbon array with
L = 16 mm for different external magnetic fields. Colored
dots denote THz electric fields oriented along the short-axis
of the ribbons. The black dots in the main figure correspond
to a 16 mm ribbon array with the THz pulse’s electric field
oriented parallel to the long-axis of the ribbons. The black
arrow marks the shoulder which emerges at higher fields. The
solid black lines are calculated using Eq. (12). The inset
shows the peak position of the resonance as a function of
ribbon width at 0 T, where the dots are the experimental
data and the dashed line is a 1/

p
L fit.

Figure 3. (a) The Faraday rotation spectrum of a normally
incident THz pulse on a micro-ribbon array with w = 16 mm
for several external magnetic fields, where the black lines are
calculated from Eq. (13), (b) the FWHM of the rotation
spectrum as a function of the magnetic field, where the dashed
line is a quadratic fit of the experimental data represented
by the black dots, and (c) the Faraday rotation at 2.5 T for
various ribbon widths.



THz	transmission	spectrum
• Uniform	monolayer-like	
response	for	THz	electric	
field	polarized	parallel	to	
long-axis	of	the	ribbons	

• Resonance	peak	shifts	to	
nonzero	frequency	for	ETHz
perpendicular	to	the	
ribbons

• Resonance	shift	with	ribbon	
width	scales	as	L-1/2

• Nonzero	magnetic	fields	
broaden	the	spectrum	and	
yield	a	pronounced	
shoulder	at	high	fields

Plasmon	splitting	due	to	
coupling	to	cyclotron	

oscillations

Magnetoplasmons



THz	Faraday	rotation	spectrum
• Faraday	rotation	magnitude	
is	proportional	to	the	
magnetic	field

• Quadratic	scaling	of	the	
FWHM	with	B-field	with	
negligible	change	in	peak	
position

• Blue	shift	in	the	Faraday	
rotation	peak	position	for	
smaller	ribbon	widths

• Roughly	constant	maximal	
rotation	magnitude	and	
FWHM	for	different	widths
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fests in the Faraday rotation spectrum. As seen in Figure
2(a), the maximal rotation magnitude increases with the
external magnetic field strength. Figure 2(b) further re-
veals that the full-width half-maximum (FWHM) of the
rotation spectrum increases quadratically with the mag-
netic field. Accordingly the external field strength can
be used to tune the maximal Faraday rotation of a THz
pulse, as well as the range of frequencies over which a
large rotation can be supported. Finally, Figure 2(c)
shows that the frequency coinciding with the peak of
the Faraday rotation spectrum blue shifts considerably
with decreasing ribbon width, due to the larger wavevec-
tor associated with smaller periodic patterns. Moreover,
there is minimal change in the maximal ✓

F

with w, since
the filling ratio associated with the ribbon array was the
same for all samples, regardless of the width. As such, the
maximal Faraday rotation introduced by the metasurface
and its corresponding frequency can be easily tuned inde-
pendently by controlling the magnetic field strength and
ribbon width, respectively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array influences the THz transmission and Fara-
day rotation spectrum, we employ the effective medium
approach to calculate the optical properties of the meta-
surface. In this method, the macroscopic electromagnetic
response of the graphene/SiC structure is averaged over
the constituent materials and the structure geometry.

In general, an infinitesimally thin and homogenous
metasurface has an optical conductivity tensor given by
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For the case of a homogeneous graphene monolayer at
THz frequencies, the conductivity tensor elements are
dominated by intraband contributions, which can be ap-
proximated by Drude-like terms as32,
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is the temperature dependent Drude weight. It is im-
mediately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, which leads to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
micro-ribbons33 manifests as an effective capacitance as-
sociated with the periodic array of strips [Ulrich 1965].
This, in turn, leads to an effective conductivity associated
with the pattern given by34
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where ✏
r

is the relative permittivity of the SiC substrate
and L is the periodicity of the ribbon array. This term
modifies the conductivity tensor of the metasurface dif-
ferently, depending on the orientation of the electric field
of the impinging THz pulse. For a pulse at normal
incidence polarized at an angle � = 90° with respect
to the long-axis of the ribbons, the conductivity tensor
becomes35
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Arbitrary angles of � serve only to mix the tensor el-
ements as weighted sums, and the optical conductivity
tensor elements become36
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The substrate normalized transmission is related to the
real part of �
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and is given by37
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where Z0 is the vacuum impedance and and ✏
r

is the rela-
tive permittivity. We used Eqs (12) and (13) to model the
transmission and Faraday rotation spectrums and the re-
sults for the w = 16 mm sample are plotted as black lines

Optical	response	of	a		metasurface	
can	be	described	by	an	effective	

conductivity	tensor

• Tensor	elements	depend	on	material	properties	and	the	
interaction	of	geometric	features	with	the	incident	field
• For	monolayer	graphene

• Optical	response	can	be	tuned	through	the	cyclotron	
frequency	(𝜔c)	dependence	of	𝜎xx and	𝜎xy
• Graphene	enables	dynamic	metasurfaces	through	the	
application	of	DC	B-fields	

Effective	medium	model
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where Z0 is the vacuum impedance and and ✏
r

is the rela-
tive permittivity. We used Eqs (12) and (13) to model the
transmission and Faraday rotation spectrums and the re-
sults for the w = 16 mm sample are plotted as black lines
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fests in the Faraday rotation spectrum. As seen in Figure
2(a), the maximal rotation magnitude increases with the
external magnetic field strength. Figure 2(b) further re-
veals that the full-width half-maximum (FWHM) of the
rotation spectrum increases quadratically with the mag-
netic field. Accordingly the external field strength can
be used to tune the maximal Faraday rotation of a THz
pulse, as well as the range of frequencies over which a
large rotation can be supported. Finally, Figure 2(c)
shows that the frequency coinciding with the peak of
the Faraday rotation spectrum blue shifts considerably
with decreasing ribbon width, due to the larger wavevec-
tor associated with smaller periodic patterns. Moreover,
there is minimal change in the maximal ✓

F

with w, since
the filling ratio associated with the ribbon array was the
same for all samples, regardless of the width. As such, the
maximal Faraday rotation introduced by the metasurface
and its corresponding frequency can be easily tuned inde-
pendently by controlling the magnetic field strength and
ribbon width, respectively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array influences the THz transmission and Fara-
day rotation spectrum, we employ the effective medium
approach to calculate the optical properties of the meta-
surface. In this method, the macroscopic electromagnetic
response of the graphene/SiC structure is averaged over
the constituent materials and the structure geometry.

In general, an infinitesimally thin and homogenous
metasurface has an optical conductivity tensor given by
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For the case of a homogeneous graphene monolayer at
THz frequencies, the conductivity tensor elements are
dominated by intraband contributions, which can be ap-
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is the temperature dependent Drude weight. It is im-
mediately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, which leads to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
micro-ribbons33 manifests as an effective capacitance as-
sociated with the periodic array of strips [Ulrich 1965].
This, in turn, leads to an effective conductivity associated
with the pattern given by34
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where ✏
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is the relative permittivity of the SiC substrate
and L is the periodicity of the ribbon array. This term
modifies the conductivity tensor of the metasurface dif-
ferently, depending on the orientation of the electric field
of the impinging THz pulse. For a pulse at normal
incidence polarized at an angle � = 90° with respect
to the long-axis of the ribbons, the conductivity tensor
becomes35
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Arbitrary angles of � serve only to mix the tensor el-
ements as weighted sums, and the optical conductivity
tensor elements become36
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where Z0 is the vacuum impedance and and ✏
r

is the rela-
tive permittivity. We used Eqs (12) and (13) to model the
transmission and Faraday rotation spectrums and the re-
sults for the w = 16 mm sample are plotted as black lines
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fests in the Faraday rotation spectrum. As seen in Figure
2(a), the maximal rotation magnitude increases with the
external magnetic field strength. Figure 2(b) further re-
veals that the full-width half-maximum (FWHM) of the
rotation spectrum increases quadratically with the mag-
netic field. Accordingly the external field strength can
be used to tune the maximal Faraday rotation of a THz
pulse, as well as the range of frequencies over which a
large rotation can be supported. Finally, Figure 2(c)
shows that the frequency coinciding with the peak of
the Faraday rotation spectrum blue shifts considerably
with decreasing ribbon width, due to the larger wavevec-
tor associated with smaller periodic patterns. Moreover,
there is minimal change in the maximal ✓
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with w, since
the filling ratio associated with the ribbon array was the
same for all samples, regardless of the width. As such, the
maximal Faraday rotation introduced by the metasurface
and its corresponding frequency can be easily tuned inde-
pendently by controlling the magnetic field strength and
ribbon width, respectively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array influences the THz transmission and Fara-
day rotation spectrum, we employ the effective medium
approach to calculate the optical properties of the meta-
surface. In this method, the macroscopic electromagnetic
response of the graphene/SiC structure is averaged over
the constituent materials and the structure geometry.

In general, an infinitesimally thin and homogenous
metasurface has an optical conductivity tensor given by
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is the temperature dependent Drude weight. It is im-
mediately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, which leads to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
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is the relative permittivity of the SiC substrate
and L is the periodicity of the ribbon array. This term
modifies the conductivity tensor of the metasurface dif-
ferently, depending on the orientation of the electric field
of the impinging THz pulse. For a pulse at normal
incidence polarized at an angle � = 90° with respect
to the long-axis of the ribbons, the conductivity tensor
becomes35
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tensor elements become36

�
00

xx

= �
0

yy

cos

2
(�) + �

0

xx

sin

2
(�) (10)

�
00

xy

= �
0

xy

+

1

2

⇣

�
0

yy

� �
0

xx

⌘

sin (2�) (11)

The substrate normalized transmission is related to the
real part of �

00

xx

and is given by37

T

T
s

= 1� 2Z0

1 +

p
✏
r

Re
n

�
00

xx

o

(12)

and the Faraday rotation is proportional to �
00

xy

as

✓
F

=

Z0

1 +

p
✏
r

Re
n

�
00

xy

o

(13)

where Z0 is the vacuum impedance and and ✏
r

is the rela-
tive permittivity. We used Eqs (12) and (13) to model the
transmission and Faraday rotation spectrums and the re-
sults for the w = 16 mm sample are plotted as black lines
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Figure 1. (a) Schematic of the graphene metasurface, THz
pulse, and DC magnetic field orientation. (b) Schematic of
the THz-TDS experiment, where BS is a beamsplitter, C is a
mechanical chopper, E is a photoconductive emitter, D is a
photoconductive detector, and the OAPs are parabolic mir-
rors.

polarized perpendicular and parallel to the long-axis of
the ribbons. In all the experimental results described
below, the samples were held at fixed temperatures and
subjected to external DC magnetic fields oriented normal
to the sample surface using a superconducting magnetic
cryostat equipped with a variable temperature insert.

C. Experimental Results

Figure 2 shows the transmission spectrum of a micro-
ribbon array with width L = 16 mm under various ex-
ternal magnetic fields, normalized to the transmission
of the bare 4H-SiC substrate. The colored dots corre-
spond to the case of a THz electric field oriented along
the short-axis of the ribbons (� = 90°). As the external
magnetic field B

DC

is increased, the peak in the trans-
mission window at ⇠ 1 THz blue shifts. The inset of Fig-
ure 1 shows that at B = 0 T, this resonance peak pos-
sesses a 1/

p
L dependence, as indicated by the dashed

fit curve. This is the expected behavior for plasmons
not only in periodically patterned graphene monolay-
ers, but also other two-dimensional electron gas (2DEG)
systems18. For THz pulses with electric fields oriented
parallel to the long axis of the ribbons (� = 0°, black
dots in Figure 1), the transmission spectrum is virtu-
ally identical in form to a graphene monolayer, which
can be regarded as the L ! 1 limit. The polarization
sensitivity of the THz response is indicative of the pro-
nounced birefringence introduced by the uni-directional
periodicity (along the x-axis) of the micro-ribbon array.

Figure 2. The substrate normalized transmission spectrum of
a normally incident THz pulse on a micro-ribbon array with
L = 16 mm for different external magnetic fields. Colored
dots denote THz electric fields oriented along the short-axis
of the ribbons. The black dots in the main figure correspond
to a 16 mm ribbon array with the THz pulse’s electric field
oriented parallel to the long-axis of the ribbons. The black
arrow marks the shoulder which emerges at higher fields. The
solid black lines are calculated using Eq. (12). The inset
shows the peak position of the resonance as a function of
ribbon width at 0 T, where the dots are the experimental
data and the dashed line is a 1/

p
L fit.

Figure 3. (a) The Faraday rotation spectrum of a normally
incident THz pulse on a micro-ribbon array with w = 16 mm
for several external magnetic fields, where the black lines are
calculated from Eq. (13), (b) the FWHM of the rotation
spectrum as a function of the magnetic field, where the dashed
line is a quadratic fit of the experimental data represented
by the black dots, and (c) the Faraday rotation at 2.5 T for
various ribbon widths.
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Additionally at high external magnetic fields (� 2 T), a
shoulder emerges at ⇠ 0.5 THz, marked by the arrow in
Figure 1. This is suggestive of a field-strength-dependent
splitting of the B = 0 T plasmon resonance, yield-
ing a pair of magnetoplasmon modes, which have been
observed in magnetic field-dependent measurements of
GaAs heterostructures30 and graphene monolayers with
stair-step defects31.

The influence of the external magnetic field and rib-
bon pattern also manifests in the Faraday rotation spec-
trum. As seen in Figure 3(a), the maximal rotation mag-
nitude (✓

F

) increases with the external magnetic field
strength. Figure 3(b) further reveals that the full-width
half-maximum (FWHM) of the rotation spectrum in-
creases quadratically with the magnetic field. Accord-
ingly, the external field strength can be used to tune
the maximal Faraday rotation of a THz pulse, as well
as the range of frequencies over which a large rotation
can be supported. Finally, Figure 3(c) shows that the
frequency coinciding with the peak of the Faraday ro-
tation spectrum blue shifts considerably with decreasing
ribbon width, due to the larger wavevector associated
with smaller periodic patterns. Moreover, there is min-
imal change in the maximal ✓

F

with L, since the filling
ratio associated with the ribbon arrays used in our ex-
periments were the same for all samples, regardless of
the width. Accordingly, the maximal Faraday rotation
introduced by the metasurface and its corresponding fre-
quency can be easily tuned independently by controlling
the magnetic field strength and ribbon width, respec-
tively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array and applied DC magnetic field influence the
THz transmission and Faraday rotation spectrum, we
employed an effective medium approach to calculate the
optical properties of the metasurface. In this method, the
macroscopic electromagnetic response of the graphene-
SiC structure is averaged over the constituent materials
and the structure geometry.

In general, an infinitesimally thin and homogeneous
metasurface has an optical conductivity tensor given by
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For the case of a homogeneous graphene monolayer at
THz frequencies, the conductivity tensor elements are
largely dominated by intraband contributions, which can
be approximated by Drude-like terms as32,
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is the temperature-dependent Drude weight. It is imme-
diately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, due to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
micro-ribbons33 manifests as an effective capacitance as-
sociated with the periodic array of strips. This, in turn,
leads to an effective conductivity associated with the pat-
tern, given by34
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where ✏

r

is the relative permittivity of the SiC sub-
strate and ⇤ is the periodicity of the ribbon array (where
⇤ = 2L for our samples). This term modifies the conduc-
tivity tensor of the metasurface (Eqs. (1-3)) differently,
depending on the orientation of the electric field of the
impinging THz pulse. For a pulse at normal incidence
polarized at an angle � = 90° with respect to the long-
axis of the ribbons, the conductivity tensor becomes35
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Arbitrary angles of � serve only to mix the tensor el-
ements as weighted sums, and the optical conductivity
tensor elements become36
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Additionally at high external magnetic fields (� 2 T), a
shoulder emerges at ⇠ 0.5 THz, marked by the arrow in
Figure 1. This is suggestive of a field-strength-dependent
splitting of the B = 0 T plasmon resonance, yield-
ing a pair of magnetoplasmon modes, which have been
observed in magnetic field-dependent measurements of
GaAs heterostructures30 and graphene monolayers with
stair-step defects31.

The influence of the external magnetic field and rib-
bon pattern also manifests in the Faraday rotation spec-
trum. As seen in Figure 3(a), the maximal rotation mag-
nitude (✓

F

) increases with the external magnetic field
strength. Figure 3(b) further reveals that the full-width
half-maximum (FWHM) of the rotation spectrum in-
creases quadratically with the magnetic field. Accord-
ingly, the external field strength can be used to tune
the maximal Faraday rotation of a THz pulse, as well
as the range of frequencies over which a large rotation
can be supported. Finally, Figure 3(c) shows that the
frequency coinciding with the peak of the Faraday ro-
tation spectrum blue shifts considerably with decreasing
ribbon width, due to the larger wavevector associated
with smaller periodic patterns. Moreover, there is min-
imal change in the maximal ✓

F

with L, since the filling
ratio associated with the ribbon arrays used in our ex-
periments were the same for all samples, regardless of
the width. Accordingly, the maximal Faraday rotation
introduced by the metasurface and its corresponding fre-
quency can be easily tuned independently by controlling
the magnetic field strength and ribbon width, respec-
tively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array and applied DC magnetic field influence the
THz transmission and Faraday rotation spectrum, we
employed an effective medium approach to calculate the
optical properties of the metasurface. In this method, the
macroscopic electromagnetic response of the graphene-
SiC structure is averaged over the constituent materials
and the structure geometry.

In general, an infinitesimally thin and homogeneous
metasurface has an optical conductivity tensor given by
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is the temperature-dependent Drude weight. It is imme-
diately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, due to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
micro-ribbons33 manifests as an effective capacitance as-
sociated with the periodic array of strips. This, in turn,
leads to an effective conductivity associated with the pat-
tern, given by34
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where ✏
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is the relative permittivity of the SiC sub-
strate and ⇤ is the periodicity of the ribbon array (where
⇤ = 2L for our samples). This term modifies the conduc-
tivity tensor of the metasurface (Eqs. (1-3)) differently,
depending on the orientation of the electric field of the
impinging THz pulse. For a pulse at normal incidence
polarized at an angle � = 90° with respect to the long-
axis of the ribbons, the conductivity tensor becomes35
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Additionally at high external magnetic fields (� 2 T), a
shoulder emerges at ⇠ 0.5 THz, marked by the arrow in
Figure 1. This is suggestive of a field-strength-dependent
splitting of the B = 0 T plasmon resonance, yield-
ing a pair of magnetoplasmon modes, which have been
observed in magnetic field-dependent measurements of
GaAs heterostructures30 and graphene monolayers with
stair-step defects31.

The influence of the external magnetic field and rib-
bon pattern also manifests in the Faraday rotation spec-
trum. As seen in Figure 3(a), the maximal rotation mag-
nitude (✓

F

) increases with the external magnetic field
strength. Figure 3(b) further reveals that the full-width
half-maximum (FWHM) of the rotation spectrum in-
creases quadratically with the magnetic field. Accord-
ingly, the external field strength can be used to tune
the maximal Faraday rotation of a THz pulse, as well
as the range of frequencies over which a large rotation
can be supported. Finally, Figure 3(c) shows that the
frequency coinciding with the peak of the Faraday ro-
tation spectrum blue shifts considerably with decreasing
ribbon width, due to the larger wavevector associated
with smaller periodic patterns. Moreover, there is min-
imal change in the maximal ✓

F

with L, since the filling
ratio associated with the ribbon arrays used in our ex-
periments were the same for all samples, regardless of
the width. Accordingly, the maximal Faraday rotation
introduced by the metasurface and its corresponding fre-
quency can be easily tuned independently by controlling
the magnetic field strength and ribbon width, respec-
tively.

D. Effective medium model

In order to better understand how the graphene micro-
ribbon array and applied DC magnetic field influence the
THz transmission and Faraday rotation spectrum, we
employed an effective medium approach to calculate the
optical properties of the metasurface. In this method, the
macroscopic electromagnetic response of the graphene-
SiC structure is averaged over the constituent materials
and the structure geometry.

In general, an infinitesimally thin and homogeneous
metasurface has an optical conductivity tensor given by
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is the temperature-dependent Drude weight. It is imme-
diately apparent from Eq. (3) that graphene becomes
optically anisotropic in the presence of an external mag-
netic, due to a non-zero cyclotron frequency.

The physical consequence of the periodic ribbon pat-
tern can be understood by making an analogy to elec-
trostatics. In this picture, the near-field coupling of the
micro-ribbons33 manifests as an effective capacitance as-
sociated with the periodic array of strips. This, in turn,
leads to an effective conductivity associated with the pat-
tern, given by34
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where ✏

r

is the relative permittivity of the SiC sub-
strate and ⇤ is the periodicity of the ribbon array (where
⇤ = 2L for our samples). This term modifies the conduc-
tivity tensor of the metasurface (Eqs. (1-3)) differently,
depending on the orientation of the electric field of the
impinging THz pulse. For a pulse at normal incidence
polarized at an angle � = 90° with respect to the long-
axis of the ribbons, the conductivity tensor becomes35
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Arbitrary angles of � serve only to mix the tensor el-
ements as weighted sums, and the optical conductivity
tensor elements become36
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Additionally at high external magnetic fields (� 2 T), a
shoulder emerges at ⇠ 0.5 THz, marked by the arrow in
Figure 1. This is suggestive of a field-strength-dependent
splitting of the B = 0 T plasmon resonance, yield-
ing a pair of magnetoplasmon modes, which have been
observed in magnetic field-dependent measurements of
GaAs heterostructures30 and graphene monolayers with
stair-step defects31.
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strength. Figure 3(b) further reveals that the full-width
half-maximum (FWHM) of the rotation spectrum in-
creases quadratically with the magnetic field. Accord-
ingly, the external field strength can be used to tune
the maximal Faraday rotation of a THz pulse, as well
as the range of frequencies over which a large rotation
can be supported. Finally, Figure 3(c) shows that the
frequency coinciding with the peak of the Faraday ro-
tation spectrum blue shifts considerably with decreasing
ribbon width, due to the larger wavevector associated
with smaller periodic patterns. Moreover, there is min-
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Computed	THz	response

• Solid	lines	are	fits	using	the	effective	medium	model

• Free	floating	fit	parameters	(chemical	potential	and	carrier	lifetime)	
match	experimental	values	for	our	samples



Graphene	micro-ribbon	metasurface

• Effective medium model fits both transmission and Faraday
rotation data

• Ribbon width and applied external magnetic fields enable:
1. Control of the THz transmission spectrum through magnetoplasmonic

absorption
2. Independently tuning the range and bandwidth of the Faraday rotation

spectrum

• Integration with complementary metasurfaces may allow for
enhancement of THz attenuation and polarization rotation
magnitudes

Graphene-based	metasurfaces	offer	potential	as	a	
flexible,	reconfigurable	alternative	to	conventional	

metallic	and	dielectric	metasurfaces
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